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The formation of the primitive endoderm covering the inner cell mass of early mouse embryos can be simulated in vitro by the
differentiation of mouse embryonic stem (ES) cells in culture following either aggregation of suspended cells or stimulation of cell
monolayers with retinoic acid. The developmentally regulated transcription factors GATA-4 and GATA-6 have determining role in mouse
extraembryonic endoderm development. We analyzed the in vitro differentiation of mouse embryonic stem cells deficient of GATA factors
and conclude that GATA-4 is required for ES cells to perceive a cell positioning (cell aggregation) signal and GATA-6 is required to sense
morphogenic (retinoic acid) signal. The collaboration between GATA-6 and GATA-4, or GATA-6 and GATA-5 which can substitute for
GATA-4, is involved in the perception of differentiation cues by embryonic stem cells in their determination of endoderm lineage. This study
indicates that the lineage differentiation of ES cells can be manipulated by the expression of GATA factors.
D 2005 Elsevier Inc. All rights reserved.Keywords: Disabled-2; GATA factors; Primitive endoderm; Retinoic acid; Cell growth suppression; DifferentiationIntroduction
In implanting blastocysts, three cell lineages derived from
the fertilized ova are the trophectoderm cells lining the outer
surface of the blastocysts, endoderm cells lining the
blastocoel cavity, and the pluripotent cells of the inner cell
mass (Lu et al., 2001). The trophectoderm and endoderm
cells contribute exclusively to extraembryonic tissues and
will form the placenta and yolk sac, respectively. The inner
cell mass is pluripotent and gives rise to all cell lineages in
the future definite embryos. Pluripotent embryonic stem (ES)
cells can be derived from the inner cell mass of implanting
blastocysts and maintained in culture (Hogan and Tilly,
1977, 1978; Martin, 1981; Evans and Kaufman, 1981). Upon
aggregation in vitro, ES cells undergo spontaneous differ-
entiation into extraembryonic endoderm-like cells (Coucou-0012-1606/$ - see front matter D 2005 Elsevier Inc. All rights reserved.
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E-mail address: X_XU@fccc.edu (X.-X. Xu).vanis and Martin, 1995, 1999). The differentiation of ES or
EC (embryonic carcinoma) cells into extraembryonic
endoderm cells in cultures mimics one of the earliest steps
in embryonic development (Martin and Evans, 1975;
Sherman and Miller, 1978). Upon differentiation, extraem-
bryonic endoderm markers such as GATA-4, GATA-6,
laminin, collagen IV, SPARC, and Dab2 are induced
(Bielinska et al., 1999), and the stem cell marker Oct-3/4
is lost (Niwa et al., 2000). GATA genes/proteins are the
determining factors in formation of extraembryonic endo-
derm in vivo and endoderm lineage commitment in vitro
(Soudais et al., 1995; Bielinska and Wilson, 1997; Morrisey
et al., 1998; Koutsourakis et al., 1999).
GATA factors belong to a family of transcription factors
that bind DNA fragments with an ‘‘A/T GATA A/G’’ core
sequence (Weiss and Orkin, 1995; Molkentin, 2000; Patient
and McGhee, 2002). The GATA factors are conserved
among species and involved in embryonic development and
maintenance of cell differentiation in adults (Bodmer and86 (2005) 574 – 586
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(Patient and McGhee, 2002). GATA-1, 2, and 3 are involved
in hematopoiesis (Weiss and Orkin, 1995; Orkin, 1992), and
GATA-4, 5, and 6 first identified in chicken are implicated
in heart and organ development (Laverriere et al., 1994;
Charron and Nemer, 1999; Molkentin, 2000). In early
mouse embryonic development, GATA-4 and GATA-6 are
two of the few genes induced in the first cell lineage (the
primitive endoderm) that differentiates from the pluripotent
inner cell mass of the early blastocyst (Arceci et al., 1993;
Morrisey et al., 1996). The expression of GATA-4 and
GATA-6 is restricted to the primitive endoderm and the
derived visceral and parietal endoderm of the extraem-
bryonic tissues (Arceci et al., 1993; Morrisey et al., 1998;
Koutsourakis et al., 1999). Targeted deletion of GATA-4
results in embryonic lethality at ¨E9.5 due to defects in
heart morphogenesis (Kuo et al., 1997; Molkentin et al.,
1997). However, ES cells homozygous deficient of GATA-4
fail to undergo spontaneous endoderm differentiation in
vitro (Soudais et al., 1995), indicating a role in extraem-
bryonic endoderm differentiation that can be rescued by a
redundant pathway in vivo, possibly a retinoic acid-
regulated pathway (Bielinska and Wilson, 1997). Never-
theless, the extraembryonic endoderm formed in GATA-4
(/) embryos is defective and is the cause of cardia bifida,
and a wild type extraembryonic endoderm supplied to
GATA-4 null embryos is sufficient to rescue the cardiac
developmental defect (Narita et al., 1997; Watt et al., 2004).
GATA-6 (/) ES cells fail to undergo endoderm differ-
entiation both in vitro and in vivo (Morrisey et al., 1998;
Koutsourakis et al., 1999). Deletion of GATA-6 results in a
decrease in GATA-4 expression in extraembryonic endo-
derm (Morrisey et al., 1998; Koutsourakis et al., 1999) but
not in the heart (Zhao et al., 2005). In contrast, GATA-4-
deficient embryos exhibit an increase in GATA-6 expression
(Kuo et al., 1997; Molkentin et al., 1997). Consideration of
these observations led to the suggestion of a linear pathway
in the regulation of endoderm differentiation that places
GATA-4 downstream of GATA-6 (Morrisey et al., 1998).
Nevertheless, feedback regulatory loops are likely present.
One of the GATA-6-induced genes is Disabled-2 (Dab2)
(Morrisey et al., 2000). Dab2 expression is detectable in the
primitive endoderm of implanting blastocysts at E4.5, and is
expressed exclusively in the visceral and parietal endoderm,
but not in ectoderm or mesoderm up to E7.5 mouse embryos
(Yang et al., 2002). Dab2 is essential for the formation of
primitive endoderm (Yang et al., 2002), as shown by gene
knockout experiments. In Dab2 knockout embryos, although
primitive endoderm differentiation occurs, the cells are
unable to form an epithelial structure. Dab2 is not expressed
in embryo proper until much later (E9.0), and thus is a
specific marker for extraembryonic endoderm differentiation
of ES and embryonic carcinoma (EC) cells. The expression
of collagen IV and laminin, markers for the extraembryonic
endoderm lineage (Gudas et al., 1990), is also suppressed in
GATA-6 (/) ES cells (Morrisey et al., 2000). Lamininalso has critical role in the formation of the extraembryonic
endoderm, since mouse embryos deficient of laminin gamma
also die at E5.5–6.5 due to failure in the formation of
extraembryonic endoderm (Smyth et al., 1998, 1999).
The mechanism underlying the induction of endoderm
differentiation of ES cells is of interest, since this is one of the
earliest steps in embryonic development. In this study, we
explore the role of GATA-4 and GATA-6 in ES cell diffe-
rentiation in response to environmental and chemical cues.
We show that GATA-4 and GATA-6 mediate cell aggregation
and the retinoic acid-induced Dab2 expression and endoderm
differentiation in ES cells. Deficiency of GATA-4 or GATA-6
differentially alters the response of the ES cells to differ-
entiation cues, cell aggregation and retinoic acid, and results
in deficiency of endoderm lineage commitment.Materials and methods
Reagents
All-trans-retinoic acid (RA) was purchased from Sigma.
Tissue culture supplies were obtained from Fisher Scientific,
Inc. (Springfield, NJ). DMEM medium was purchased from
Mediatech (Herndon, VA); fetal bovine serum (FBS) was
obtained from Gibco; TRIzol reagent, 100 antibiotic-
antimycotic solution, Lipofectamine, and serum-free Opti-
MEM I medium were purchased from Gibco BRL (Grand
Island, NY); the ECL Super-Signal West Dura Extended
Duration Substrate immunodetection reagents were pur-
chased from PIERCE (Rockfort, IL); Hybrisol I hybridization
solution came from Intergen (Purchase, NY); positively-
charged nylon membranes were from Boehringer Mannheim;
[a-32P]dCTPwas fromNEN (Boston, MA). All other general
chemicals and supplies, including DMSO, ethanol, isopro-
panol, and agarose, were from Sigma or Fisher and were
reagent grade or higher. Mouse GATA-6 cDNA (2.6 kb) was
cloned in the BamHI/XhoI site of pcDNA3 vector (Ed
Morrisey, University of Pennsylvania School of Medicine,
Philadelphia, PA) (Morrisey et al., 1996). Mouse GATA-5
cloned in the pcDNA3 vector was isolated by Ed Morrisey
(Morrisey et al., 1997). Mouse GATA-4 cDNA (1.7 Kb) was
cloned in the EcoRI site of pMT2 vector, and was generously
given by Dr. David B. Wilson (Washington University
School of Medicine, St. Louis, MO). All the GATA cDNAs
were flag-tagged at the N-terminal of the proteins.
Cell culture
Mouse embryonic carcinoma cells were cultured on
swine skin gelatin-coated tissue culture plates in ES cell
media containing NaHCO3, HEPES, NEAA, pyr, l-glut, l-
Asp, l-Arg, nucleoside, 2-mercaptoethanol, antibiotic-anti-
mytotic, LIF (1000 u/ml), and 15% FBS (Robertson, 1997).
The plates were coated overnight at 4-C with sterile gelatin
solution (0.1%), then washed three times with PBS prior to
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RA for four days.
Parental RW-4 mouse embryonic stem cells of wild type
and of GATA-4 (/) (Soudais et al., 1995) and GATA-6
(/) (Morrisey et al., 1998) genotypes were maintained by
the Tissue Culture Facility of Fox Chase Cancer Center
according to standard protocol. Prior to experiments, the
embryonic stem cells were plated on gelatin-coated plates or
slide chambers without feeder cells and LIF. In experiments
to analyze the formation of embryoid bodies, cells were also
maintained in petri dishes for 4 days to allow aggregation.
Briefly, confluent ES cells were resuspended with 0.04%
trypsin in PBS, and were seeded on petri dishes in ES
medium supplemented with 15% fetal bovine serum without
LIF. Medium was changed every other day for 4 days to 1
week. The spheroids were then collected with a transfer pipet
and transferred to a 15 ml tube, washed two times with PBS,
and then resuspended in 1 ml of PBS. The cell aggregations
were transferred to an Eppendorf tube and centrifuged at
2000g for 1 min. The cell aggregations were then collected
for Western or Northern blot analysis. For histochemical
analysis, the cell aggregations were fixed in 1 ml of formalin
for 2 h, washed two times with PBS, and resuspended in 1%
agarose to be processed for paraffin embedding.
Cell transfection
Embryonic stem cells were seeded at 2105/dish in 35
mm diameter gelatin-coated plates in ES cell media. Plasmid
DNA was purified using Qiagen Maxiprep columns. Trans-
fections of ES cells with plasmid DNAwere performed using
Mirus Trans1T-LT1 reagent (Mirus Co., Madison, WI) accor-
ding to the manufacturer’s protocol. Briefly, transfection was
performed in ES cell monolayers of about 60% confluence
using 8 Al of Mirus Trans1T-LT1 reagent for 2 Ag of plasmid-
cDNA. Media were changed 24 h after transfection. Cells
were used for immunofluorescence assay 72 h post-trans-
fection. ES cells were transfected with GATA-4, GATA-5, or
GATA-6 and the effects on cell differentiation were assayed
by immunofluorescence using Dab2 and laminin expression
as marker of cell differentiation. Each transfection experi-
ment shown as a figure in the manuscript was repeated at least
three times and a representative experiment is shown.
Immunofluorescence microscopy
Immunofluorescence was performed as previously
described (Capo-chichi et al., 2003). Embryonic stem cells
were treated with RA or transfected with GATA-4, GATA-5,
or GATA-6. Cells were plated on 2240 mm cover slides in
6 well dishes and fixed with 4% paraformaldehyde (15 min).
Cells were permeabilized with 0.5% Triton X-100 in PBS for
5 min, washed with PBS, and blocked with 3% BSA in PBS
containing 0.1% Tween-20 (room temperature for 30 min).
Anti-GATA-4, GATA-5, GATA-6, Dab2, Oct-3/4 (Santa
Cruz Biotechnology Inc., Santa Cruz, CA), anti-Flag M2-Cy3, and anti-Laminin (Sigma) were used at 1/200 dilution
in 1% BSA in PBS containing 0.1% Tween-20 and incubated
at 37-C for 2 h. The cellular localization of the antigens was
revealed by fluorescein or Texas Red conjugated secondary
antibodies (Jackson Immuno-Research lab., West Grove,
PA) at 1/200 dilution. The secondary antibodies were:
donkey anti-mouse IgG conjugated with Texas Red and
donkey anti-rabbit IgG conjugated with Fluorescein. Rabbit
anti-GATA-4 or rabbit anti-GATA-5 or goat anti-GATA-6
IgG was used with mouse anti-Dab2 antibodies for double
labeling. Nuclei were marked by Dapi staining. The Nikon
Eclipse E 800 epifluorescence microscope with 60 oil
immersion objective linked to a Roper Quantix CCD
(charged coupled device) camera was used for observation
and image acquisition. Images were merged by overlaying
using the Adobe-Photoshop program.
Northern blot analysis
Total RNAwas isolated from monolayer or aggregate cell
culture as previously described (Capo-chichi et al., 2003).
RNAwas separated on 1% agarose gel containing 7% formal-
dehyde and 20 mM MOPS buffer, blotted to positively-
charged nylon membranes using 20 SSC buffer, and fixed
by baking. The DNA probes were labeled with [a-32P]dCTP
using a random prime labeling kit (Amersham). The hybrid-
ization and Northern blotting followed standard procedures
as described previously (Capo-chichi et al., 2003).
Western blot analysis
The cells were washed twice with 2 ml PBS, collected by
scraping with a cell rubber scraper in 1 ml PBS, and
centrifuged at 5000 rpm for 5 min. SDS buffer (20 mM
Tris–HCl, pH 7.5, 50 mM NaCl, 0.5% SDS, 5% 2-
mercaptoethanol, 40% glycerol) was added to the pellet
and mixed before heating for 5 min. The samples were then
centrifuged for 5 min at 4-C and the supernatants were kept
frozen at 20-C until use. GATA-4, GATA-5, GATA-6,
Dab2, and h-actin were analyzed in the cell extract using
SDS-polyacrylamide gels (10%). Anti-Dab2 (p96) mono-
clonal antibodies were purchased from BD/Transduction
Laboratories (Lexington, KY). Anti-GATA-4, anti-GATA-5,
and anti-GATA-6 came from Santa-Cruz Biotechnology,
Inc. (Santa Cruz, CA). Anti-h-actin came from Sigma.Results
Endoderm lineage differentiation of embryonic stem cells
induced by aggregation and/or retinoic acid
The mechanism underlying the induction of endoderm
differentiation of ES cells is of special interest, since this is
one of the earliest steps in embryonic development. We used
the loss of Oct-3/4 as an indication of ES cell differentiation,
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markers for commitment to the extraembryonic endoderm
lineage to investigate the endoderm differentiation of murine
ES cells. Retinoic acid induced the differentiation of ES cellsFig. 1. Endoderm lineage differentiation of ES cells in vitro. (A) Approximately 1
cultured in suspension to allow cell aggregation to form spheroids (‘‘s’’). Cells wer
cell lysate was prepared and subjected to Western blotting to detect expression of O
a loading control. (B) ES cells in monolayers were treated with or without retino
GATA-4 (green) was performed. DAPI (blue) was used for nuclear counterstainin
(red), GATA-4 (green), and DAPI (blue). Arrow indicates Dab2- and GATA-4-
monolayers were treated with or without retinoic acid (1 AM) for 4 days. Immuno
DAPI (blue) was used for nuclear counterstaining. (E) Morphology and Dab2 imm
incubated with or without 1 AM retinoic acid. Representative images of H&E stagrown as monolayer, as indicated by the dramatic reduction
of Oct-3/4 level, and the induction of Dab2 expression,
mainly the p67 isoform of the protein, as an indication of
endoderm lineage (Fig. 1A). Upon aggregation of ES cells106 ES cells were plated on 100-mm plates as a monolayer culture (‘‘m’’) or
e treated with 1 AM retinoic acid (RA) or DMSO control for 4 days and the
ct-3/4 and Dab2 (both p96 and p67 proteins). Beta-actin was determined as
ic acid (1 AM) for 4 days. Immunofluorescence staining of Dab2 (red) and
g. (C) Another example of retinoic acid-treated ES cells stained with Dab2
negative cells that are not primitive endoderm cell type. (D) ES cells in
fluorescence staining of laminin (red) and Oct-3/4 (green) was performed.
unostaining of embryoid bodies from a 4-day suspension culture of ES cells
ining (100) and Dab2 immunostaining (400) are shown.
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expression was induced to a similar level. Oct-3/4 was only
slightly reduced in cell aggregates compared to undiffer-
entiated ES cells cultured as monolayers, and was further
reduced in cell aggregates upon addition of retinoic acid
(Fig. 1A). In this 4-day time course, ES cells differentiate
mainly toward extraembryonic endoderm lineage (Rohwedel
et al., 1999; Mummery et al., 1990). Thus, it appears that
endoderm lineage differentiation of ES cells, as indicated by
Dab2 expression, is achieved by either cell aggregation or
retinoic acid treatment of cell monolayer. However, a
fraction of cells with stem cell characteristics, as indicated
by the expression of Oct-3/4, are preserved in embryoid
bodies, but are mostly lost when treated with retinoic acid.
The endoderm differentiation of monolayer ES cells can
be also monitored by immunofluorescence microscopy to
detect the expression of Oct-3/4, Dab2, laminin, and GATA
factors (Figs. 1B, C). In untreated ES cell cultures, cells
positive for Dab2 or GATA-4 were rarely observed (Fig. 1B),
indicating the undifferentiated state of the cells. Following
treatment with retinoic acid for 4 days, about 90% of the cells
became GATA-4- and Dab2-positive (Fig. 1B). An example
(Fig. 1C) shows that three cells are negative for Dab2 and
GATA-4 (indicated by an arrow), which are either undiffer-
entiated ES cells or differentiated cells of non-primitive
endoderm lineage. Another example is shown in Fig. 1D, in
which undifferentiated ES cells are positive for Oct-3/4 in the
nucleus, and upon retinoic acid treatment, Oct-3/4 is lost and
laminin is induced. Thus, when ES cells in monolayer were
treated with retinoic acid, the majority of cells committed to
the primitive endoderm lineage. Following suspension of the
ES cells for 4 days, spheroid/embryoid bodies were formed
with a well-differentiated endoderm outer layer that is Dab2-
positive (Fig. 1E). Retinoic acid treatment further induced
differentiation and a portion of the interior cells are Dab2-
positive, suggesting that these cells have undergone endo-
derm lineage differentiation. Thus, in the majority of cell
aggregates, only the outer layer of ES cells in the embryoid
bodies undergoes endoderm differentiation; however, reti-
noic acid treatment can also induce the endoderm differ-
entiation in the interior of the spheroids.
Requirement of GATA-6 in retinoic acid-induced endoderm
lineage differentiation of embryonic stem cells in monolayer
culture
We investigated the endoderm differentiation of ES cells
deficient for GATA-4 or GATA-6 when induced by retinoic
acid in culture. As indicated by the immunoblots (Fig. 2A),
monolayers of wild type, GATA-4 (/), or GATA-6 (/)
ES cells underwent differentiation as indicated by the loss of
Oct-3/4 when stimulated with retinoic acid for 4 days. GATA-
6 (/) ES cells, however, retained a fraction of Oct-3/4 and
did not differentiate to endoderm, as indicated by the lack of
Dab2 expression. GATA-4 (/) ES cells did express Dab2
when induced by retinoic acid, but the Dab2 expression levelwas less than wild type. GATA-6 was induced by retinoic
acid in both wild type and GATA-4 (/) ES cells. GATA-4
was induced by retinoic acid in wild type but not in GATA-6
(/) cells. Thus, it appears that GATA-6, but not GATA-4,
is necessary for retinoic acid-induced endoderm commitment
in the differentiation of ES cells, and GATA-4 is not
necessary but it enhances GATA-6-mediated endoderm
differentiation. The differentiation of individual ES cells in
monolayer culture was investigated by immunofluorescence
microscopy. GATA-4 (/) ES cells differentiated following
treatment with retinoic acid for 4 days; however, consis-
tently, we observed that the differentiation was partial:
around 40% of GATA-4 (/) ES cells underwent
endoderm differentiation as indicated by the expression of
laminin, and Dab2 and the loss of Oct-3/4 (Figs. 2B, C). In
GATA-6 (/) ES cells, retinoic acid also induced cell
differentiation as indicated by the loss of Oct-3/4, but failed
to induce endoderm lineage commitment, noted by the lack
of GATA-4-, Dab2-, and laminin-positive cells (Figs. 2D,
E). Thus, in wild type ES cells treated with retinoic acid, the
majority of the cells select endoderm lineage, and loss of
GATA-4 reduces the fraction of cells that undergo
endoderm lineage differentiation. GATA-6 is absolutely
necessary for retinoic acid-induced endoderm commitment
of ES cells.
Requirement of GATA-4 in aggregation-induced endoderm
lineage differentiation of embryonic stem cells
We next tested the aggregation-induced differentiation of
the wild type and GATA-deficient ES cells by both Western
blot (Fig. 3A) and Northern blot (Fig. 3B). The wild type ES
cells, when aggregated, underwent endoderm differentiation
as indicated by the expression of Dab2, GATA-4, GATA-6,
laminin, and collagen IV, and the differentiation was
enhanced further by the addition of retinoic acid.
For the GATA-4 (/) ES cells, aggregation-induced
endoderm lineage differentiation was impaired, but was
restored by retinoic acid, consistent with previous reports
(Soudais et al., 1995; Bielinska and Wilson, 1997). In
aggregated GATA-4 (/) ES cells without retinoic acid,
GATA-6 expression was absent (Fig. 3B), indicating that, in
the absence of GATA-4, aggregation does not induce
GATA-6 expression and primitive endoderm differentiation
of the cells. When retinoic acid was added, GATA-6
expression level was induced to a higher level in GATA-4
(/) than that in wild type cells, and Dab2, collagen IV,
and laminin were induced (Fig. 3B). In several experiments,
it was noted that Dab2 protein (Fig. 3A) and mRNA (Fig.
3B) levels did not correlate well, even though the same
preparation of cells was used for both Western and Northern
blot analysis. Consistent with these biochemical data, the
morphological features of cell aggregation from GATA-4
(/) ES cells demonstrated that GATA-4 is required for
the aggregation signal but is dispensable for retinoic acid
induction of the endoderm lineage. In spheroids from
Fig. 2. Retinoic acid-induced endoderm differentiation of GATA-deficient ES cells in monolayer culture. (A) Western blot analysis: wild type embryonic stem
cells and those homozygous deficient in GATA-4 or GATA-6 were cultured as monolayers and treated with DMSO carrier control or 1 AM retinoic acid (RA)
for 4 days. Cell lysates were prepared for Western blot analysis. GATA-4 (/) (B, C) and GATA-6 (/) (D, E) ES cells in monolayer cultures were treated
with or without retinoic acid (1 AM) for 4 days. Indirect immunofluorescence staining of Dab2, GATA-4, laminin, and Oct-3/4 was performed. Dapi was used
for nuclear counterstaining. In some cases, two individual signals were combined by overlaying the images using Adobe Photoshop. Representative images are
shown: (B) GATA-4 (/) ES cells were stained with Dab2 (red) and Dapi (blue, lower panels). (C) GATA-4 (/) ES cells were stained with Oct-3/4 (green),
laminin (red), and Dapi (blue, lower panels). (D) GATA-6 (/) ES cells were stained with Dab2 (red), GATA-4 (green), and Dapi (blue, lower panels). (E)
GATA-6 (/) ES cells were stained with laminin (red), Oct-3/4 (green), and Dapi (blue, lower panels).
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3C) or Dab2 expression (Fig. 3D) was observed. With
retinoic acid treatment, the GATA-4 (/) embryoid bodies
exhibited surface endoderm structure (Fig. 3C) and bothsurface and internal Dab2 expression (Fig. 3D), indistin-
guishable from wild type control.
For GATA-6 (/) ES cells, endoderm commitment is
defective also in spheroids and cannot be rescued by the
Fig. 3. Retinoic acid and aggregation-induced endoderm differentiation of GATA-deficient ES cells. Wild type embryonic stem cells and those homozygous
deficient for GATA-4 or GATA-6 were cultured in medium lacking LIF in suspension to allow the formation of cell aggregates (‘‘s’’) on gelatin-coated Petri
dishes, with or without 1 AM retinoic acid (RA) for 4 days. ES cells in monolayer culture (‘‘m’’) were used as control. The total cell lysate was prepared from
the embryoid bodies/cell aggregates in 2% SDS gel loading buffer for (A) Western blot and (B) Northern blot analysis for Dab2, collagen IV a1 (Col IV),
laminin g (Lam), GATA-4, GATA-5, and GATA-6. (C) H&E staining of embryoid bodies from a 4-day suspension culture of GATA-4 (/) ES cells treated
with or without 1 AM retinoic acid. (D) Dab2 immunostaining of embryoid bodies from a 4-day suspension culture of GATA-4 (/) ES cells with or without
1 AM retinoic acid. Images of 100, 200, and 400 are shown. (E) Dab2 immunostaining of embryoid bodies from a 4-day suspension culture of GATA-6
(/) ES cells with or without 1 AM retinoic acid. Most of the embryoid bodies are Dab2-negative regardless of retinoic acid treatment. The image at the far
right represents a rare (around 1%) embryoid body containing Dab2-positive cells.
C.D. Capo-chichi et al. / Developmental Biology 286 (2005) 574–586580addition of retinoic acid. As shown in Fig. 3E, aggregates
of GATA-6 (/) ES cells lack an outer endoderm layer
and are Dab2-negative either with or without retinoic acid.In retinoic acid-treated GATA-6 (/) ES cell aggregates,
a few spheroids (less than 1%) were observed to contain
Dab2-positive cells (Fig. 3E, far right panel). However, no
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deficiency of GATA-4 results in defects in the formation of
embryoid bodies, and the defects can be overcome by
supplementation with retinoic acid. In contrast, GATA-6 is
required for in vitro differentiation and endoderm forma-
tion of ES cells induced either by aggregation or retinoic
acid.
Induction of endoderm lineage differentiation of embryonic
stem cells following ectopic expression of GATA factors
Ectopic expression of GATA-4 or GATA-6 has been
reported to be sufficient to induce endoderm differentiation
of ES cells (Fujikura et al., 2002). Using immunofluor-
escence to detect Dab2 or laminin in individual cells as an
indication of endoderm differentiation, we confirmed that
ectopic expression of GATA-4, GATA-5, or GATA-6 is
sufficient to induce expression of Dab2, GATA-4, laminin,
and thus endoderm differentiation of ES cells. First, using
flag-tag to detect cDNA expression, as an example shown
for the transfection of flag-tagged GATA-4 into ES cells
(Fig. 4A), we observed that the cells expressing GATA-4
(green) also showed flag staining (red). The intensities of
GATA-4 and flag staining are corresponsive, suggesting that
GATA-4 expression was the result of the transfection. The
transfection efficiency of this particular transfection was
estimated to be 36%. In many transfection over time, we
observed that the transfection efficiency ranged from 10% to
50%. Transfection of GATA-4 into wild type ES cells
resulted in endoderm differentiation: co-expression of Dab2
(red) as a dotted pattern and GATA-4 (green) in the nucleus
occurred in 10–20% of the presumably transfected cells
(Fig. 4A). In vector-transfected controls, there were few
(less than 0.1%) GATA-4- and Dab2-positive cells, which
were likely the result of spontaneous differentiation.
Examples of transfection of GATA-6-induced Dab2 (Fig.
4C) are also presented. We conclude that ectopic trans-
fection/expression of either GATA-4 or GATA-6 alone is
sufficient to induce endoderm differentiation of ES cells in
monolayer culture.
Requirement of collaborating GATA factors in endoderm
lineage differentiation of embryonic stem cells
We next tested the ability of individual GATA factors to
induce endoderm differentiation when transfected into ES
cells that are deficient for one of the other GATA factors.
As anticipated, when GATA-4 was transfected into GATA-
6 (/) ES cells, expression of GATA-4 (green) was not
able to induce Dab2 (red) in GATA-6 (/) ES cells
(Fig. 4D), confirming the critical role of GATA-6 in
endoderm lineage differentiation.
A somewhat surprising finding was that transfection of
GATA-6 was not able to induce Dab2 in GATA-4 (/)
cells (Fig. 4E), although these GATA-4 (/) ES cells did
express Dab2 when transfected with GATA-4 (not shown).Additionally, the transfected cells as identified by GATA-6
staining were also still positive for Oct-3/4 (red, Fig. 4F).
Thus, expression of GATA-6 alone without GATA-4 is not
sufficient to induce Dab2 expression and endoderm lineage
commitment. Furthermore, expression of GATA-6 alone is
not sufficient to down-regulate Oct-3/4 that is associated
with the differentiation and the loss of pluripotency of ES
cells, indicating that a collaborating GATA factor (in this
case, GATA-4) with GATA-6 is required for the differ-
entiation of ES cells.
From the above experiments, we conclude that GATA-4
may have a collaborating role for GATA-6-mediated Dab2
induction and endoderm lineage commitment, since trans-
fection of GATA-6 in wild type but not GATA-4 (/) ES
cells induces Dab2 expression. However, retinoic acid was
able to induce GATA-6 and Dab2 in the absence of GATA-4
(Fig. 2), suggesting that the collaborating role of GATA-4
with GATA-6 is dispensable in the presence of retinoic acid.
We considered the possibility of a redundant factor induced
by retinoic acid.
Redundant role of GATA-5 in endoderm lineage
differentiation of embryonic stem cells
Indeed, GATA-5, which normally is not significantly
expressed during E4.5 to E6.5 stages of the mouse embryos
and is not considered to have a role in extraembryonic
endoderm development (Morrisey et al., 1997; Molkentin et
al., 2000), was induced in ES cells with either GATA-4 or
GATA-6 deletion (Fig. 5). In wild type ES cells, however,
GATA-5 was not significantly induced by retinoic acid,
suggesting that the expression of GATA-5 is suppressed by
the presence of both GATA-4 and GATA-6.
When GATA-4 (/) ES cells were transfected with
GATA-5, however, GATA-6 was induced and Dab2 was
expressed in the presumably GATA-5-transfected cells (Fig.
6). Nevertheless, GATA-5 transfection into GATA-6 (/)
ES cells failed to induce Dab2 (not shown), suggesting that
even in the presence of GATA-5 expression, GATA-6 is still
necessary for endoderm differentiation of ES cells.
Thus, we propose that GATA-5 can be induced by
retinoic acid in the absence of either GATA-4 or GATA-6. In
GATA-4 (/) ES cells, retinoic acid induces GATA-5 and
GATA-6, and GATA-5 can substitute for GATA-4 in its
collaborating role with GATA-6 to induce Dab2 expression
and endoderm differentiation. It is also suggested from the
above experiments that, in the absence of GATA-4, GATA-5
is able to induce GATA-6, but GATA-6 is not able to induce
GATA-5.Discussion
Differentiation of stem cells into various lineages under-
lies the principle of development and is a fascinating
question in biology. The differentiation of embryonic stem
Fig. 4. Ectopic GATA factor expression induces endoderm differentiation of ES cells: immunofluorescence microscopy analysis. Wild type ES cells in
monolayers were transfected with vector control or expression constructs of GATA-4 or GATA-6. Expression of Dab2, Oct-3/4, laminin, GATA-4, and GATA-6
was analyzed by immunofluorescence microscopy. Dapi was used for nuclear counter staining. Representative images from more than three transfections of
each cDNA are shown. (A) ES cells were transfected with flag-tagged GATA-4, and the expression of GATA-4 (green), flag-tag (red), and Dapi (blue) was
determined by immunofluorescence microscopy. The images were also over-layered. (B) ES cells were transfected with GATA-4, and the expression of GATA-
4 (green), Dab2 (red), and Dapi (blue) was determined by immunofluorescence microscopy. (C) ES cells were transfected with GATA-6, and the slides were
stained for Dab2 (red), GATA-4 (green), and Dapi (blue). (D) GATA-6 (/) cells were transfected with GATA-4. GATA-4 (green) and Dab2 (red) were double
labeled. Two images are shown. (E) GATA-4 (/) cells were transfected with GATA-6. GATA-6 (green), Dab2 (red), and Dapi (blue) were stained. Note that
the light red nuclear staining in transfected cells is background leaked from the strong Dapi signal. (F) GATA-4 (/) cells were transfected with GATA-6.
GATA-6 (green) and Oct-3/4 (red) were labeled, and Dapi (blue) was used for counterstaining.
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model to investigate genes and the mechanism for the
response of ES cells to differentiation cues (Abe et al.,
1996; Coucouvanis and Martin, 1995). The current studyhas systematically investigated the requirement of GATA
factors in ES cell differentiation in response to retinoic
acid, a chemical cue, and cell aggregation, an environ-
mental cue.
Fig. 5. Retinoic acid induces GATA-5 expression in GATA-4- or GATA-6-
deficient ES cells. ES cells of wild type (WT), GATA-4 (/), or GATA-6
(/) were plated on 100-mm plates as a monolayer culture and were
treated with 1 AM retinoic acid (RA) or DMSO control for 4 days. The cell
lysate was prepared and subjected to Western blotting to detect expression
of GATA-5. Beta-actin was determined as a loading control.
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differentiation of embryonic stem cells in vitro
The differentiation of embryonic stem cells can be studied
in vitro in monolayer culture or in aggregates (Abe et al.,
1996; Coucouvanis and Martin, 1995). In additional to
morphological criteria, we used collagen IV and laminin, as
well as the expression of Dab2, as molecular markers for the
differentiation of ES cells into the primitive endoderm
lineage. Collagen IV and laminin are the main components
of the basement membrane specifically expressed by the
extraembryonic endoderm in the early embryo, and have
been used in previous studies as an indication of primitive
endoderm differentiation of ES and EC cells (Gudas et al.,
1990; Fujikura et al., 2002). Dab2 is first expressed and is
restricted to the primitive endoderm of the E4.5 blastocysts
(Yang et al., 2002), and is restricted in the extraembryonic
endoderm until E9.0 to E9.5, when Dab2 expression is also
detectable in the developing liver and heart (DH Yang and
XX Xu, unpublished observations). Dab2 can be used as a
marker for the primitive endoderm lineage differentiation of
ES cells (Morrisey et al., 2000; Fujikura et al., 2002).Fig. 6. Ectopic GATA-5 expression induces endoderm differentiation of GATA-4 (
cells in monolayers were transfected with vector control or expression constructs
analyzed by immunofluorescence microscopy. Dapi (blue) was used for nuclear cConsistent with earlier reports (Soudais et al., 1995;
Bielinska and Wilson, 1997; Morrisey et al., 1998;
Koutsourakis et al., 1999), we found that GATA-4-deficient
ES cells fail to differentiate into primitive endoderm
following aggregation but the ability can be restored by
retinoic acid. However, GATA-6-deficient ES cells are not
responsive to cell aggregation cue and also fail to undergo
primitive endoderm differentiation upon retinoic acid
induction. Thus, in primitive endoderm lineage differ-
entiation, the aggregation signal requires both GATA-4
and GATA-6 to induce differentiation, and retinoic acid
inductive signal is GATA-6 dependent, as illustrated in a
working model in Fig. 7.
Order of GATA factors in determination of extraembryonic
endoderm fate of embryonic stem cells
Previously, from analysis of knockout mice and embry-
onic stem cells, it was proposed that GATA-6 is an upstream
regulator of GATA-4 (Morrisey et al., 1998). With
information from the current study, we propose a model
for the order of induction between GATA-4 and GATA-6
(Fig. 7), for their roles in endoderm differentiation of ES
cells in vitro. The endoderm differentiation induced by
retinoic acid is dependent on GATA-6, suggesting that
GATA-6 is upstream of GATA-4 in responding to retinoic
acid signal, and either GATA-4 or GATA-5 is dispensable
for this signal. Expression of GATA-6, either induced by
retinoic acid or by ectopic expression, appears to be
sufficient to induce endoderm lineage differentiation of ES
cells. GATA-4 is necessary for the ES cells to sense an
aggregation signal, but GATA-6 is also required for
induction of differentiation. This can be explained by
proposing that GATA-4 is required to sense an aggregation
signal and is upstream of GATA-6. Thus, in the case of
retinoic acid signal, GATA-4 is downstream of GATA-6,/) ES cells: immunofluorescence microscopy analysis. GATA-4 (/) ES
of GATA-5 for 2 days. Expression of Dab2 (red) and GATA-6 (green) was
ounter staining.
Fig. 7. Schematic model illustrates the role of GATA transcription factors
for extraembryonic endoderm differentiation in embryonic stem cells.
Physical (aggregation) or chemical (retinoic acid) cues induce extraem-
bryonic endoderm differentiation of ES cells. We propose that, in the
regulatory cascade, GATA-4 is required to perceive a cell aggregation
signal, and GATA-6 is required to sense the retinoic acid signal. GATA-5
can be induced by retinoic acid in the absence of either GATA-4 or GATA-6
(dashed black arrow), and may be able to substitute for some function of
GATA-4 (collaboration with GATA-6). Retinoic acid induces GATA-6;
aggregation induces GATA-4; and GATA-4 and GATA-6 have mutual
inductive activities. GATA-6 collaborates with GATA-4 or GATA-5 (when
GATA-4 is deleted) to induce primitive endoderm differentiation as
indicated by the expression of Dab2, collagen IV, and laminin. From the
observation of GATA factor expression in ES cells deficient of a particular
GATA factor, we propose that GATA-4 suppresses GATA-6 expression; and
GATA-6 enhances GATA-4 expression.
C.D. Capo-chichi et al. / Developmental Biology 286 (2005) 574–586584and in the case of aggregation signal, GATA-4 is upstream
of GATA-6.
Collaboration, redundancy, and inter-regulation of gene
expression among GATA factors
The GATA factors exhibit inter-regulation for the
expression of individual factor. Besides, inductive expres-
sion of a GATA factor can also modulate the expression
level of another.
In GATA-4 knockout mice and differentiated GATA-4
(/) ES cells, it was observed that GATA-6 level is
elevated (Soudais et al., 1995; Bielinska and Wilson, 1997).
In contrast, in both GATA-6 knockout mouse embryos and
differentiated GATA-6 (/) ES cells, GATA-4 expression
is suppressed (Morrisey et al., 1998; Koutsourakis et al.,
1999). Thus, it is thought that GATA-4 suppresses GATA-6
expression, and GATA-6 is required for, or is able to
stimulate, GATA-4 expression. Similar inter-regulation
between the expression of GATA-4 and GATA-6 was
observed in our in vitro experiments with GATA-deficient
ES cells. It should be cautioned that the requirement of
GATA-6 for expression of GATA-4 may only be applied to
ES cells and extraembryonic endoderm, since loss of
GATA-6 in heart does not affect GATA-4 expression (Zhao
et al., 2005).
The expression of GATA-4 and GATA-6 has not been
reported in GATA-5 knockout mice (Molkentin et al., 2000).
GATA-5 is expressed strongly only in GATA-4 or GATA-6-
deficient ES cells during differentiation, suggesting thatGATA-5 expression is suppressed by either GATA-4 or
GATA-6.
A previous study (Fujikura et al., 2002) on the differ-
entiation of ES cells by GATA-4 and GATA-6 concluded
that GATA factors are expressed at two levels: strong and
weak. Perhaps, weak expression of a particular GATA factor
is able to induce other regulatory genes, such as another
GATA family member. We postulate that, in wild type ES
cells, aggregation first induces a weak level of GATA-4
expression, which induces GATA-6 expression. GATA-6
then enhances GATA-4 to a stronger expression. The high
level of GATA-4 is able to suppress GATA-6 expression.
Such a circuitous regulatory loop of interaction may balance
both GATA-4 and GATA-6 expression levels (Fig. 7). In
GATA-6 (/) ES cells, aggregation stimulates a weak
GATA-4 expression. Hence, in the absence of enhancement
by GATA-6, GATA-4 expression remains weak (Fig. 7).
Transfection experiments also revealed the necessary
collaborating role of GATA-6 with GATA-4 in the induction
of Dab2 expression and endoderm lineage. This conclusion
is based on the inability of GATA-6 transfection to induce
Dab2 in GATA-4 (/) ES cells. However, the requirement
of GATA-4 to collaborate with GATA-6 can be substituted
by retinoic acid-induced GATA-5 (Fig. 7). We propose that
GATA-5 induced by retinoic acid can substitute GATA-4 for
a collaborating role in endoderm differentiation.
Comparing embryonic stem cell differentiation in vitro and
the development of primitive endoderm of the mouse
embryos
The in vitro differentiation of ES cells into primitive
endoderm-like cells is one of the best studied developmental
cell lineage selection mimicking the development of the
primitive endoderm (Martin and Evans, 1975; Strickland et
al., 1980; Coucouvanis and Martin, 1995; Abe et al., 1996;
Fujikura et al., 2002). However, differentiation inducing
factors in the derivation of primitive endoderm of the
blastocysts are not yet fully understood (Bielinska et al.,
1999). We suggest that the formation of primitive endoderm
in the early embryos probably involves both an aggregation
cue to induce GATA-4 expression and a retinoic acid-like cue
to induce GATA-6 expression (Fig. 7). However, both GATA-
4 and GATA-5 are dispensable for the formation of primitive
endoderm in mouse embryos during E4.5 to E8.5 stages in
terms of gross morphology of the extraembryonic endoderm
structure (Kuo et al., 1997; Molkentin et al., 2000). However,
the GATA-4-deficient extraembryonic endoderm is defective
as reflected in the heart development, which can be rescued
by wild type extraembryonic endoderm (Narita et al., 1997;
Watt et al., 2004_Hlt112052179]) and the gastrulation failure
in 50% of the GATA-4 (/) embryos (Molkentin et al.,
1997).
Nevertheless, the GATA-4 (/) extraembryonic endo-
derm is defective in regulating cardiac morphogenesis. In
the absence of GATA-4 that is required to perceive
C.D. Capo-chichi et al. / Developmental Biology 286 (2005) 574–586 585aggregation cue, a retinoic acid or a similar inducing cue,
either embryonic or maternal origin, likely activates GATA-
6 expression and enables the formation the primitive
endoderm (albeit defective) during these embryonic stages.
The involvement of retinoic acid as a morphogenic agent in
embryonic development has been well considered (De Luca,
1991; Ross et al., 2000), but whether retinoic acid has a role
at such an early stage, the induction of primitive endoderm,
is not certain (Bielinska et al., 1999). Our current study
suggested that the formation of primitive endoderm in the
early embryos probably involves both an aggregation cue to
induce GATA-4 expression and a retinoic acid-like cue to
induce GATA-6 expression (Fig. 7). In the absence of
GATA-4, we speculate that GATA-5 may be expressed and
have redundant function in extraembryonic endoderm
formation during E4.5 to E9.5 stages.
This study implies that by manipulating GATA genes, we
may be able to modulate lineage determination of ES cells
in vitro by changing their perceptions of differentiation
cues. The finding may have implication for the application
of embryonic stem cells for tissue engineering.Acknowledgments
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